Ultrathin silver nanowires (Ag NWs) have been rapidly synthesized by using NaBr and AgCl as conucleant, with a high yield of 90%. The average diameter and length of Ag NWs is 30 nm and 11 mm, respectively.
synthesis of high quality Ag NWs with an average length of 13.5 mm and diameter up to 62.5 nm. Thinner diameter Ag NW formation can be achieved when high pressure is applied in an autoclave reactor, instead of the typical synthesis under atmospheric pressure. 25 Zhang, et al. 37 reported a facile one-pot polyol method to synthesis Ag NWs by using KBr as a conucleant to NaCl with long reaction time. The aspect ratio is crucial for the opto-electric properties of Ag NWs. Lee et al. 18 shows short (L ¼ 10.2 mm) Ag NW lms (T ¼ 77.21%, R s ¼ 34 U sq À1 ), long (L ¼ 95.1 mm) Ag NW lms (T ¼ 96%, R s ¼ 186 U sq À1 ). Preston et al. 13 shows large diameters (D ¼ 150 nm) Ag NW lms (T ¼ 75%, R s ¼ 135 U sq À1 ), small diameters (D ¼ 60 nm) Ag NW lms (T ¼ 78%, R s ¼ 45 U sq À1 ). Therefore, high yield and rapid synthesis of ultrathin Ag NWs is necessary in commercial application of the emerging Ag NW conductors.
In this work, we report a modied polyol approach, using NaBr and AgCl as conucleant, for rapid synthesis of ultrathin, high quality, and monodispersed Ag NWs, with an average diameter of 30 nm and a mean length of 11 mm. Impressively, this efficiency approach is also associated with high yield of ultrathin Ag NW products, with a value up to 90%. The resulting ultrathin Ag NW conductors show excellent conductivity, optical transparency, and low haze in comparison with previous reports. All these advances are expected to enable more possibilities for use of Ag NWs in future emerging conductors.
In order to synthesize an ultrathin Ag NWs suspension in ethanol, 0.012 g NaBr (sodium bromide) was rst added in 14 mL ethylene glycol (EG) containing 0.66 g polyvinylpyrrolidone (PVP, M w ¼ 1 300 000), and then the mixture was stirred at 200 rpm and thermally stabilized at 165 C. Secondly, 0.05 g silver chloride (AgCl) in a 2 mL EG solution was added to the mixture.
Aer three minutes, 4 mL of EG solution containing 0.22 g AgNO 3 was injected with syringe using at a rate of 0.4 mL min À1 , the reaction was le for 30 min to allow the nanowires to grow. Finally, the Ag NW product was collected via centrifugation, washed with ethanol; the resulting suspension was used for subsequent characterization and conductor fabrication. Fig. 1 shows scanning electron microscopy (SEM) images and size distribution of the reaction product synthesized under different growth conditions. Reducing AgNO 3 by using AgCl for the nucleation of silver seed resulting in synthesis of thin Ag NWs, and irregular silver nanoparticles (Ag NPs) were observed without addition of AgCl and NaBr, meaning reducing solvents plays a key role in achieving nanowire features. Moreover, ultrathin Ag NWs were synthesized by using NaBr and AgCl as conucleant. The thin Ag NWs exhibit a diameter of 49.5 AE 15.0 nm and length of 7.0 mm (the size distribution of Ag NWs were counted by a nano measurer), which is comparable to that by gram-scale polyol synthesis 26 but are of signicantly higher quality than those of previous methods. 10, 12, 29 Compared to the thin Ag NWs, our ultrathin nanowires have a much smaller diameter and longer length, with the value of 30.4 AE 9.0 nm and 11.0 mm, respectively. This diameter thinning from 50 nm to 30 nm aer the introduction of NaBr during the reduction process, indicates the role of NaBr being crucial in synthesizing ultrathin Ag NWs.
To understand the growth mechanism and subsequent morphology, we propose that the diameter decrease in the present method could be attributed to the lower solubility product (K sp ) of AgBr compared to that of AgCl. Tang et al. 27 reported that Ag NPs were actually produced from AgCl by heating an AgCl solution, and the concentration of silver nuclei plays a crucial role for formation and the size of silver seeds. 15, 28 It is well known that K sp of AgCl is higher than that of AgBr, meaning that more Ag nuclei are generated during the reduction of silver ions by AgCl, resulting in high concentration of Ag nuclei, which trigger the formation of large-size silver seeds. By injecting AgNO 3 slowly, the amount of free Ag + ions in solution for AgCl system is higher than that for the AgCl and NaBr hybrid system, the kinetics of the reduction process of AgNO 3 are slowed down due to the lower K sp of AgBr, resulting in a lower concentration of Ag + ions, which prefer to form ultrathin Ag NWs through small-size Ag seeds as initiation. Moreover, our method has a quicker reaction time overall than those previously reported 4, 11, 14, 15 at 30 min. Hence, this technique may be a very promising solution for the mass-production of low-cost Ag NWs.
Although well established in characterization technology, UV-visible spectroscopy has been used to investigate the morphological evolution of silver nanostructures due to the frequencies of surface plasmon resonances. 30, 31 Using this method, we obtained UV-visible absorption spectra of the nal products under different growth conditions, as shown in typical broad peak at 453-463 nm was observed for the products without AgCl and NaBr, indicating the formation of Ag NPs. However, a narrow peak at 376 nm with a distinct shoulder was found for thin Ag NWs, which is consistent with previous results. 15, 32 Impressively, the ultrathin Ag NWs exhibit a sharp peak at 373 nm with a slight shoulder, meaning the diameter decrease for Ag NWs is accompanied by a blue shi and narrow bandwidth of UV absorption spectra. In addition, the structure of ultrathin Ag NWs were studied by X-ray diffraction (XRD) shown in Fig. S1 . † The nanowires exhibit four typical peaks, which corresponded to the diffraction of (111), (200), (220), (311) Ag planes, suggesting that the ultrathin Ag NWs are high quality and pure. 14, 34 To further examine the effect of stirring speeds on the Ag NW synthesis, three different stirring speeds (0, 200, and 400 rpm) for the same reaction time and temperature were carried out. Fig. 3a-f and S3a-c † shows the SEM images and length distribution of the Ag NWs obtained in AgCl and NaBr mixture under different stirring speed. The results show that the average length of Ag NWs at is 9 mm at 0 rpm, 11 mm at 200 rpm, and 6 mm at 400 rpm, Fig. S3a -c † shows the average diameter is 44 nm at 0 rpm, 30 nm at 200 rpm, and 39 nm at 400 rpm. Compared to the products at 0 rpm, the Ag NWs at 200 rpm exhibit thinner diameter, longer length, and higher purity. Compared to the products at 200 rpm, the Ag NWs at 400 rpm also present thick diameter, but shorter length and a small number of irregular particles were also observed, meaning that moderate magnetic stirring during the chemical reaction is a key regulator of the synthesis of high quality Ag NWs, with the additional merits of high yield, ultrathin diameter, and longer length. The yield of Ag NW product was measured by calculating the number densities of nanowires according the previous reported method. 27 It was noted that the optimized process here provides access to produce large amounts of Ag NWs with a high yield up to 90% at 200 rpm. Therefore, high quality Ag NWs with an ultra-thin diameter in our polyol process could be realized through adjusting the mechanical agitation.
To evaluate the performance of Ag NW conductors, Ag NW lms were fabricated by the spin-coating method on glass substrates. Fig. 4a shows the relationship between the transmittance and sheet resistances of the Ag NW lms under ambient conditions. With ultra-thin Ag NWs prepared at 200 rpm, the sheet resistance and transmittance were 106.6 U sq À1 and 95.1% at 550 nm, respectively. A low sheet resistance of approximately 26 U sq À1 at 90.5% and 12.2 U sq À1 at 83.3% was obtained, which are superior to traditional ITO conductor and previously reported Ag NW conductors (20 U sq À1 @ 80% at 550 nm 7,33 and 19 U sq À1 @ 80% at 550 nm (ref. 11)). It is well known that the transmittance depends on the total area covered with Ag NWs on the substrate, hence, the transmittance loss of visible light owing to Ag NWs is approximately equal to the total area covered with the Ag NWs and the density dependence of the optical transmittance of an Ag NW lm can be given by the following equation. 33 
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where A c is the total area covered with Ag NWs, d is the diameter of an Ag NW, N is number of wires per unit area. Generally, the transmittance and sheet resistance for thin conduct lms are related by the eqn (3) 35,36
where Z 0 is the impedance of free space (377 U), s OP is the optical conductivity and s DC is the DC conductivity of the lms.
The ratio of the DC conductivity to the optical conductivity, s DC / s OP , has been used to evaluate the performance of transparent conductors. In Fig. 4b , the highest value of s DC /s OP is $162 for the ultrathin Ag NW lm (R s ¼ 12.2 U sq À1 and T ¼ 83.3%), which is much higher than the reported value ($70), 33 suggesting that ultrathin diameter and high aspect ratio are critical factors for high performance Ag NW conductors. Moreover, we have prepared exible Ag NWs lms based on NOA 63 substrate due to the ultra-smooth surface of substrate. 38 The Ag NWs embedded NOA 63 lms show superior mechanical exibility, the sheet resistance change ratio (R s À R s0 )/R s0 was almost unchanged during the bending test, as shown in Fig. S4 , † indicating the Ag NW embedded NOA 63 lms have potential applications in exible electronics. Haze is crucial in display applications where scattering will reduce the sharpness of an image, the haze factor of a transparent conducting lms extremely dependent on nanowire diameter, with lower diameter nanowires featuring less haze. 17 We tested the haze of different diameter Ag NW lms and Fig. 5 shows several haze values at different total transmittance values. The haze value decreased almost linearly with the increase of total transmittance for different diameter Ag NW lms. For ultrathin Ag NW lms, the total transmittance is 91.6%, and the haze factor is about 2%, at total transmittance of 95.7%, the haze factor is only 0.96%. With the decrease of the diameter of the Ag NWs, the haze value increased at the same total transmittance. Compare to large diameter Ag NWs, the ultrathin Ag NW based lms show lower haze and our result for ultrathin Ag NW lms also showed signicantly lower haze than any other Ag NW transparent conductor reported in the literature.
In summary, the effect of initial nucleation source and the stirring speeds for Ag NW synthesis through polyol method was studied. Compared to traditional polyol methods, reducing silver nitrate by using AgCl and NaBr as nucleation of silver seed results in rapid synthesis of ultrathin Ag NWs. Meanwhile, by adjusting the speed of the magnetic stirring, the yield of ultrathin Ag NW increased signicantly, with a high value of 90%. The produced Ag NWs exhibit an average diameter of 30 nm and an average length of 11 mm. By using the above nanowires, high performance Ag NW lms with low sheet resistance and ultrahigh transmittance were achieved. The obtained Ag NW conductor exhibits a sheet resistance of 26 U sq À1 at 90.5% and of 12.2 U sq À1 at 83.3%. A value of s DC /s OP ¼ 162 is large enough for Ag NW conductors. Moreover, ultrathin Ag NW conductor exhibits a low haze of 2% and a low sheet resistance of 30 U sq À1 at a high optical transmittance of 91.6%. The haze factor is 0.96% at a transmittance of 95.7%. Such high-yield and rapid synthesis of ultrathin Ag NWs through the modied polyol method show great potential application in exible electronics of the very near future. Fig. 5 The relationship between the haze and total transmission for different diameter Ag NW films. The conductors with ultrathin Ag NWs showed low haze of 2% and 91.6% T at wavelength of 550 nm.
